We have conducted longitudinal studies focused on the expression profiles of signaling pathways and gene networks in children with septic shock. Genome-level expression profiles were generated from whole blood-derived RNA of children with septic shock (n = 30) corresponding to day one and day three of septic shock, respectively. Based on sequential statistical and expression filters, day one and day three of septic shock were characterized by differential regulation of 2,142 and 2,504 gene probes, respectively, relative to controls (n = 15). Venn analysis demonstrated 239 unique genes in the day one dataset, 598 unique genes in the day three dataset, and 1,906 genes common to both datasets. Functional analyses demonstrated timedependent, differential regulation of genes involved in multiple signaling pathways and gene networks primarily related to immunity and inflammation. Notably, multiple and distinct gene networks involving T cell-and MHC antigen-related biology were persistently downregulated on both day one and day three. Further analyses demonstrated large scale, persistent downregulation of genes corresponding to functional annotations related to zinc homeostasis. These data represent the largest reported cohort of patients with septic shock subjected to longitudinal genome-level expression profiling. The data further advance our genome-level understanding of pediatric septic shock and support novel hypotheses.
INTRODUCTION
Septic shock affects a large number of children in the United States and worldwide (1) (2) (3) . The morbidity and mortality associated with pediatric septic shock remain unacceptably high and current therapy is relatively limited to prevention (i.e. vaccines), antibiotics, and pediatric intensive care unit (PICU)-based physiological support (3, 4) . We have suggested that one powerful approach to more comprehensively understand the inherent biological complexity of pediatric septic shock involves translational research at the genomic level (5, 6) . The feasibility of a genomic approach to increase our understanding of septic shock pathobiology is indicated by a series of recent studies (7) (8) (9) (10) (11) (12) , including our own initial report (6) . Furthermore, a comprehensive, unbiased examination of gene transcripts at the level of the whole genome may identify novel biological mechanisms and therapeutic targets.
In a previous study, we generated an unprecedented, genome-level expression profile dataset of pediatric septic shock specifically focused on a single time point, within the first 24 h of presentation to the PICU (6) . The previous dataset demonstrated the feasibility of conducting genome-centered, translational research in critically ill children. In addition, we demonstrated that biologically meaningful microarray data can be generated and analyzed using a readily accessible clinical sample, whole bloodderived RNA.
In the current study, we sought to broaden our initial approximation of the genomic response of children with septic shock. We have generated and analyzed additional microarray data representing two distinct time points during the initial 72 h of presentation to the PICU with septic shock. We have focused our analyses on coordinately regulated genes corresponding to signaling pathways and gene networks. Our overall goal for these studies is to define the longitudinal, genomelevel expression profiles that occur in pediatric septic shock as a means of further advancing our understanding of this condition at the translational level.
METHODS

Patients
The study protocol was approved by the individual Institutional Review Boards of each participating institution. Children < ten years of age admitted to the PICU and meeting criteria for septic shock were eligible for the study. Septic shock was defined using pediatric-specific criteria (13) . Control patients were recruited from the participating institutions using the following exclusion criteria: a recent febrile illness (within two weeks), recent use of anti-inflammatory medications (within two weeks), or any history of chronic or acute disease associated with inflammation.
Sample and Data Collection
After informed consent, blood samples for RNA isolation were obtained within 24 h of admission to the PICU, heretofore called "day one" of septic shock. An additional sample was obtained for RNA isolation 48 hours after obtaining the day one sample ("day three" of septic shock). Severity of illness at study entry was calculated using the PRISM III score (14) , and organ failure was defined using pediatric-specific criteria (13, 15, 16) . Clinical and laboratory data were collected daily while in the PICU. All study patients were followed for 28 days to determine survival. Clinical, laboratory, and biological data were entered and stored using a locally developed, web-based database.
RNA Extraction and Microarray Hybridization
The data and protocols described in this manuscript are deposited in the NCBI Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/ geo/, GEO Series accession number GSE8121).
Total RNA was isolated from whole blood samples using the PaxGene Blood RNA System (PreAnalytiX, Qiagen/Becton Dickinson, Valencia, CA, USA) according to the manufacturer's specifications. Microarray hybridization was performed by the Affymetrix Gene Chip Core facility at Cincinnati Children's Hospital Research Foundation as previously described (Human Genome U133 Plus 2.0 GeneChip, Affymetrix, Santa Clara, CA, USA) (17) .
Data Analysis
Analyses were performed using one patient sample per chip. Image files were captured using an Affymetrix GeneChip Scanner 3000. CEL files were subsequently preprocessed using Robust Multiple-Array Average (RMA) normalization using GeneSpring GX 7.3 software (Agilent Technologies, Palo Alto, CA, USA) (18) . All signal intensity-based data were used after RMA normalization, which specifically suppresses all but significant variation among lower intensity probe sets (18) . All chips were then normalized to the respective median values of controls.
Differences in mRNA abundance between patient samples were determined using GeneSpring GX 7.3 (Agilent Technologies). All statistical analyses used corrections for multiple comparisons. A list of genes differentially regulated on day one of septic shock was generated using sequential statistical and expression filters as follows. We first conducted a two-group ANOVA (BenjaminiHochberg false discovery rate of five percent) using controls and the day one samples from patients with septic shock as the comparison groups, and all gene probes within the microarray (54,681 gene probes). The list of genes passing this statistical filter was then subjected to an expression filter that selected only the genes having ≥ two-fold expression difference between the median values of controls and patients with septic shock on day one, respectively. Identical sequential and expression filters were used to generate a list of genes differentially regulated on day three of septic shock, using controls and day three septic shock samples as the comparison groups.
Two-dimensional cluster maps were constructed using GeneSpring GX 7.3 (Agilent Technologies). Gene trees are represented in the vertical dimension and condition trees are represented in the horizontal dimension. Gene trees and condition trees are both based on the Distance similarity algorithm. The coloring conventions for all maps are as follows: red intensity correlates with increased gene expression, blue intensity correlates with decreased gene expression, and yellow intensity correlates with no change in gene expression relative to the median of controls.
Gene lists of differentially expressed genes were primarily analyzed using the Ingenuity Pathways Analysis application (IPA, Ingenuity Systems, Redwood City, CA, USA) that provides a tool for discovery of signaling pathways and gene networks within the uploaded gene lists (7) . Additional analyses for derivation of functional gene annotations were performed by uploading specific gene expression lists to two distinct web-based applications that allow public access to relational databases of functional gene annotations: D.A.V.I.D. (Database for Annotation, Visualization and Integrated Discovery) (19) and the PANTHER Classification System (Protein Analysis Through Evolutionary Relationships) (20) (21) (22) . These applications use specific approaches to estimate significance based on non-redundant representations of the microarray chip and to convert the uploaded gene lists to gene lists containing a single value per gene.
Derivation of Gene Networks
The IPA algorithm for generating gene networks is as follows. The IPA application maps each gene identifier to its corresponding gene object in the IPA Knowledge Base. These focus genes are then overlaid onto a global molecular network developed from information contained in the Knowledge Base. Networks of these focus genes are then algorithmically generated based on their connectivity. Each individual IPA network has a maximum of 35 focus genes and is assigned a significance score (based on P value) representing the likelihood that the focus genes within the network are found therein by random chance. A high number of focus genes within a dataset leads to a higher network score (equal to the negative exponent of the respective P value such that a score of three corresponds to a P value of 10E-3) (7).
RESULTS
General Subject Data
The current cohort of 30 patients with septic shock and 15 controls were included in a previous publication involving 42 total patients and focused exclusively on day one of septic shock (6). The current cohort represents a subset of those 42 patients having complete microarray data on both day one and day three of septic shock. Summary demographic, clinical, and microbiologic data for the study subjects are provided in Tables 1 and 2 . Analysis was performed on 75 individual microarray chips representing 15 controls and 30 patients with septic shock (separate day one and day three samples for each patient with septic shock). The controls were comparable to the patients with septic shock with regard to age, race, and gender. Among the patients with septic shock there were 20 having positive identification of an infecting organism (67 percent) and five deaths (17 percent mortality). Overall, the patients with septic shock were heterogeneous with respect to age, illness severity, gender, race, infectious organisms, and primary sites of infection.
Differential Gene Expression on Day One of Pediatric Septic Shock
To begin testing the hypothesis that the genome-level expression profile of pediatric septic shock has a longitudinal component, we generated a list of differentially regulated genes on day one of septic shock using the filtering strategy outlined in the Methods section. The initial statistical filter yielded a list of 21,146 gene probes that were differentially regulated between day one patients with septic shock and controls. The subsequent expression filter yielded a final list of 2,145 gene probes that were differentially regulated between day one patients with septic shock and controls.
These 2,145 genes were subjected to two-dimensional cluster analysis ( Figure 1A ). All patients with septic shock clustered together within the right two-third portion of the map in a homogenous manner, thus indicating relatively cohesive gene regulation on day one of pediatric septic shock despite clinical heterogeneity. The homogenous clustering was dependent on a group of genes in the upper portion of the map having decreased expression (1,283 genes) and a group of genes in the lower portion of the map having increased expression (862 genes). Based on the clustering pattern, these gene expression profiles did not appear to be dependent on the class of infecting organism. For example, patients having a viral etiology (indicated by asterisks, bottom of Figure 1A) were distributed throughout the map in a heterogeneous manner. Similar observations regarding clustering patterns were made for patients having gram positive, gram negative bacterial infections, or no documented infection (not shown). (4) Asian (1) Caucasian (5) Unreported (2) Caucasian (17) 1 Primary co-morbid conditions (number of patients): cerebral palsy/developmental delay (6); congenital heart disease (5); glycogen storage disease type 1A (1); neuroblastoma (1); aplastic anemia (1).
2
Maximum number of organ failures within the first seven days of PICU admission. 
Differential Gene Expression on Day Three of Pediatric Septic Shock
To compare the genome-level expression profiles of day one and day three, we next generated a list of differentially regulated genes on day three. We used the identical, sequential statistical, and expression filters as that described above for the day one analysis, except that we used controls and day three samples from patients with septic shock as the comparison groups. The initial statistical filter yielded a list of 22,403 gene probes that were differentially regulated between day three patients with septic shock and controls. The subsequent expression filter yielded a final list of 2,504 gene probes that were differentially regulated between day three patients with septic shock and controls. These 2,504 genes then were subjected to two-dimensional cluster analysis ( Figure 1B ). All patients with septic shock, except one, clustered together within the right two-third portion of the map in a homogenous manner. Similar to the day one map, these data indicate relatively cohesive gene regulation on day three of pediatric septic shock. Again, the homogenous clustering was dependent on a group of genes in the upper portion of the map having decreased expression (1,432 genes) and a group of genes in the lower portion of the map having increased expression (1,072 genes), but independent of the infecting organism class or absence of documented infection.
Comparison of Day One and Day Three Datasets
The 2,145 genes differentially regulated on day one of septic shock and the 2,504 genes differentially regulated on day three of septic shock were compared by Venn analysis (not shown). This analysis demonstrated that there were 239 unique genes in the day one dataset, 598 unique genes in the day three dataset, and 1,906 genes common to both the day one and day three datasets. These data demonstrate that while a large number of genes are differentially regulated compared with controls, the majority of these genes are consistently up-or downregulated over the initial three days of septic shock. Conversely, smaller sets of genes are uniquely regulated either early (day one) or later (day three) during septic shock. Thus, over the initial three-day course of pediatric septic shock, the longitudinal genome-level expression profile has a temporal expression component and a relatively constant expression component. 
Signaling Pathway Analysis Focused on Upregulated Genes
To derive biological meaning from the datasets representing increased gene expression on day one and day three of pediatric septic shock, we conducted a comparison analysis using the IPA application (7). We individually uploaded the 862 genes upregulated on day one and the 1,072 genes upregulated on day three to the IPA application, and focused the comparative analytical output on upregulation of genes associated with signaling pathways.
As shown in Figure 2 , this analysis demonstrated that the two datasets contained genes relevant to 12 distinct signaling pathways (individual gene lists for each pathway are provided in the supplementary data). Five of the 12 signaling pathways had a similar level of increased gene expression on day one and day three (interleukin-6 signaling, Toll-like receptor signaling, complement and coagulation, p38 MAP kinase signaling, and NF-κB signaling), as defined by having respective significance values within one log-fold range. Three of the 12 signaling pathways had a higher level of increased gene expression on day three, compared with day one (interleukin-10 signaling, granulocyte macrophage colony stimulating factor signaling, and B cell receptor signaling), as defined by having a respective significance value difference > one log-fold. Four of the 12 signaling pathways did not have significant upregulation on day one, but were significantly upregulated on day three (PPAR signaling, insulin receptor signaling, IGF-1 signaling, and integrin signaling), as defined by having a respective significance value > 1.3 (i.e. -log (P value = 0.05) = 1.3). These data indicate that in pediatric septic shock, the longitudinal pattern of increased gene expression relevant to signaling pathways is heterogeneous, with some pathways being equally upregulated on day one and day three, some pathways having a higher degree of upregulation on day three relative to day one, and some Comparison analysis of the signaling pathways corresponding to the 862 genes upregulated on day one and the 1,072 genes upregulated on day three of pediatric septic shock. The analysis is derived from the Ingenuity Pathways Analysis application (see text for details). The y-axis represents the -log (significance). For illustrative purposes, the x-axis crosses the y-axis at the 1.3 threshold of significance (i.e. -log (P value = 0.05) = 1.3). Significance is directly proportional to the number of genes within the data set that corresponds to the respective canonical signaling pathway, and inversely proportional to the number of genes in the entire data set uploaded to the Ingenuity Pathways Analysis application. Comparison analysis of the signaling pathways corresponding to the 1,072 genes downregulated on day one and the 1,432 genes downregulated on day three of pediatric septic shock. The analysis is derived from the Ingenuity Pathways Analysis application (see text for details). The y-axis represents the -log (significance). For illustrative purposes, the x-axis crosses the y-axis at the 1.3 threshold of significance (i.e. -log (P value = 0.05) = 1.3). Significance is directly proportional to the number of genes within the data set that corresponds to the respective canonical signaling pathway, and inversely proportional to the number of genes in the entire data set uploaded to the Ingenuity Pathways Analysis application.
pathways having exclusive upregulation on day three.
Signaling Pathway Analysis Focused on Downregulated Genes
To derive biological meaning from the gene lists representing decreased gene expression on day one and day three of pediatric septic shock, we again conducted an analysis using the IPA application in an identical manner to that described above, except that we individually uploaded the 1,283 genes downregulated on day one and the 1,432 genes downregulated on day three to the IPA application. As shown in Figure 3 , this analysis demonstrated that both gene lists contained genes relevant to three distinct signaling pathways (individual gene lists for each pathway are provided in the supplementary data). Two of the three signaling pathways had a similar degree of downregulation on day one and day three (T cell receptor signaling and NK cell signaling), as defined by having respective significance values within one log-fold range. In contrast, the signaling pathway involving antigen presentation was downregulated to a greater degree on day one, compared with day three, as defined by having a respective significance value difference > one log fold. These data indicate that the downregulated genes on day one and day three of pediatric septic shock conform to a more limited number of signaling pathways relative to that of the respective upregulated genes. Notably, however, the limited number of signaling pathways associated with the downregulated genes correspond to T cell function and antigen presentation.
Gene Network Analysis Focused on Upregulated Genes
To gain further insight regarding the biological meaning of genes upregulated on day one and day three, we focused the subsequent analysis on the presence of gene networks (see Methods section) (7) . The datasets containing the 862 upregulated day one genes and the 1,072 upregulated day three genes were individually uploaded to the IPA application. The network analysis focused on upregulated genes yielded eight highly significant gene networks associated with either the day one or day three datasets (Tables 3A and 3B ). In each case, the maximum 35 focus genes that comprised each of the networks were present in the respective upregulated datasets such that all eight upregulated networks had significance scores ≥ 47. Three unique gene networks were identified within the day one upregulated dataset (Table 3A) and five unique gene networks were identified within the day three upregulated dataset (Table 3B) .
The functional annotations assigned to each upregulated network by the IPA application are provided in Tables 3A and 3B . Because these functional annotations are relatively generic, we attempted to derive more detailed biological meaning from these eight upregulated networks by uploading the individual network gene lists to the D.A.V.I.D. database (19) and the PANTHER classification system (20) (21) (22) . As shown in Tables 3A and 3B , the D.A.V.I.D.-based analysis of these networks also yielded relatively generic functional annotations. In contrast, the PANTHER-based analysis yielded more specific signaling pathways, molecular functions, and biological processes within each of the upregulated networks. Based on Panther Classification System. The most significant pathway, biological process, or molecular function (based on P value) in the Panther Classification System is provided for a given network.
L O N G I T U D I N A L G E N E E X P R E S S I O N I N S E P T I C S H O C K
A representative upregulated gene network identified within the day three dataset is provided in Figure 4 . This gene network is centered on Sp1 transcription factor (SP1) and the genes within the network correspond to the plasminogen-activating cascade, immunity and defense, and the complement system (PANTHERbased classifications, Table 3B ). Figures of the other upregulated networks listed in Tables 3A and 3B , a network legend, and the corresponding gene lists are provided in the supplementary data. Collectively, these data demonstrate that a relatively large proportion of the genes upregulated on day one and day three of pediatric septic shock are functionally connected in the form of biologically relevant gene networks. In addition, the upregulated networks have a temporal expression pattern in that there are unique networks corresponding to the day one and day three data sets, respectively.
Gene Network Analysis Focused on Downregulated Genes
In this analysis we focused on gene networks associated with downregulated genes. The analysis was conducted in an identical manner to that described above, except that we individually uploaded the datasets corresponding to the 1,283 downregulated day one genes and the 1,432 downregulated day three genes to the IPA application. The network analysis focused on downregulated genes yielded six gene networks associated with either the day one or day three datasets (Tables 4A and 4B ). All six downregulated networks had significance scores ≥ 44 and within each network the maximum 35 focus genes were present in the respective datasets that were used to generate the networks. Three unique gene networks were identified within the day one downregulated dataset (Table 4A) and three unique gene networks were identified within the day three downregulated dataset (Table 4B) .
The functional annotations assigned to each downregulated network by the IPA application are provided in Tables 4A and  4B See Table 3A . FOS, c-fos; IL1A, interleukin 1α; MAPK1, mitogen activated protein kinase one (a.k.a. ERK2); SP1, Sp1 transcription factor; STAT3, signal transducer and activator of transcription 3; STAT5B, signal transducer and activator of transcription factor 5B; NFKB1A, nuclear factor of κ light polypeptide gene enhancer in B-cells α (a.k.a. IκBα).
ses yielded functional annotations related to T cell-and antigen presentation (MHC)-related biological processes. In addition, the day three-specific network approximately centered on IL8 (CXCL8) and GATA was notable for a B cell-related functional annotation (Table 4B) . A representative gene network identified within the day one dataset is provided in Figure 5 . This gene network contains eight individual gene nodes corresponding to human leukocyte antigens (HLA), and the genes within the network correspond functionally to T cell activation, MHC IImediated immunity, and MHC antigens. Table 4A and 4B, and the corresponding gene lists are provided in the supplementary data. Collectively, these data demonstrate that a relatively large proportion of the genes downregulated on day one and day three of pediatric septic shock are functionally connected by their uniform identification within networks of biologically related genes. In addition, the longitudinal expression patterns of these networks indicate large scale and persistent downregulation of genes directly involved in lymphocyte-and MHC-related biological processes.
Figures of the other networks listed in
Absolute Lymphocyte Counts and Differential Gene Expression
As shown in Table 5 , the study patients had mean or median absolute lymphocyte counts at the lower range of normal on both day one and day three (23) .
This observation raises the possibility that the data shown in Tables 4A and 4B , indicating large scale downregulation of genes involved in T cell function, are an artifact of relative lymphopenia, perhaps related to apoptosis, rather than a reflection of a genuine change in gene expression. To test this possibility, we grouped the patients with septic shock based on absolute lymphocyte count quartiles, and conducted two-dimensional cluster analyses focused on genes that were downregulated on either day one or day three. As shown in Figure 6 , patients within each of the four quartiles clustered in a heterogeneous manner (Distance similarity measurement) throughout the map representing the day one downregulated genes. This heterogeneous pattern persisted when we applied either a Pearson Correlation or a Standard Correlation as the similarity measurement for the condition tree (data not shown). Similar observations were made with regard to the genes downregulated on day three (data not shown). Collectively, these data indicate that our observations regarding downregulation of genes relevant to T cell function are not likely to be artifacts of relative lymphopenia as there was no correlation between absolute lymphocyte counts and gene downregulation.
Persistence of Zinc-Related Functional Annotations
We previously reported that day one of pediatric septic shock is characterized by large scale downregulation of genes having functional annotations related to zinc homeostasis (6). Here we conducted an analysis to determine if gene ontologies related to zinc homeostasis are persistently downregulated during the initial three days of pediatric septic shock. The analysis was conducted by uploading the individual lists of genes downregulated on day one and day three to the D.A.V.I.D. database. As shown in Table 6 , day one was characterized by large scale downregulation of genes corresponding to zinc and metal functional annotations as previously reported (6), D 1 3 ( 9 -1 0 ) 4 9 5 -5 0 See Table 3A . BCL2, B-cell CLL/lymphoma 2; HLA, major histocompatibility complex; TCF3, transcription factor 3.
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See Table 3A . 5 There is also a downregulated network on day three (see Table 4B ) having BCL2 as the central node. Six of the 35 focus genes (17 percent) are different between the day one and the day three BCL2-related networks. 6 This network contains multiple HLA genes (HLA-DMA, HLA-DMB, HLA-DOA, HLA-DOB, HLA-DQA1, HLA-DQB1, HLA-DRA, and HLA-DRB1).
There is also a downregulated network on day three that contains all of these HLA genes except for HLA-DMA and HLA-DRA. Overall, 13 of the 35 focus genes (37 percent) are different between the day one and the day three HLA-related networks. Table 3A . BCL2, B-cell CLL/lymphoma 2; IL8, interleukin 8; GATA3, GATA binding protein 3; HLA, major histocompatibility complex. 2, 3, 4 See Table 3A.   5   See table 4A   6 and this pattern of downregulation persisted into day three. In fact, downregulation of gene ontologies related to zinc and metal homeostasis appears to be an even more robust feature on day three of pediatric septic shock as demonstrated by the respective day one and day three P values. All supplementary materials are available online at molmed.org
DISCUSSION
These data represent the most comprehensive analysis of longitudinal gene expression in pediatric septic shock to date. As relatively descriptive data, they are subject to interpretation. Below we provide our pathophysiology-based interpretation of the expression data, being cognizant of alternative interpretations.
The genome-level expression profile during the initial three days of pediatric septic shock is complex and heterogeneous. Between four and five percent of the genes encompassing the entire array were differentially expressed (upregulated or downregulated) on either day one or day three, respectively, compared with controls. Among the differentially expressed genes, 11 percent of the day one differentially expressed genes were unique to day one, and 24 percent of the day three differentially expressed genes were unique to day three. Thus, the genome-level expression profile during the initial three days of pediatric septic shock is characterized by a predominant constant component and a relatively smaller temporal component. The genes contributing to the smaller temporal component, however, appear to be biologically significant in that they contribute to differential expression of signaling pathways and gene networks known to be associated with inflammatory disease states.
The day one and day three datasets contain multiple genes contributing to signaling pathways. Many of the pathways identified within these data sets have been linked previously by the experimental literature to septic shock pathobiology (3, 24, 25) . While the demonstration of some of these pathways does not necessarily represent novel concepts, their presence in the datasets greatly strengthens both the validity and relevance of the overall dataset. For example, we were intrigued to find that day three (but not day one) of pediatric septic shock is characterized by upregulation of genes that participate in insulin-like growth factor (IGF)-, insulin receptor-, and PPAR-signaling. These data indicate an important role for insulin-related biology/metabolism in pediatric septic shock, and are made all the more intriguing by the recent advancements, by Van den Berghe and colleagues, regarding the use of intensive insulin therapy in critically ill adult surgical patients (26) .
L O N G I T U D I N A L G E N E E X P R E S S I O N I N S E P T I C S H
The primary novelty of the signaling pathway-related data lies in the temporal dependence of pathway expression. Several of the upregulated signaling pathways were consistently upregulated from day one to day three. More than half of the upregulated pathways, however, were expressed in a time-dependent manner. In fact, some of the signaling pathways were exclusively expressed on day three. These data could have implications for the timing and duration of future therapeutic strategies centered on any one of these pathways.
The importance of timing and duration of therapy in critically ill patients is well illustrated in the recent follow-up study of intensive insulin therapy in critically ill adult medical patients by Van den Berghe and colleagues (27) . This study involving 1,200 critically ill adults demonstrated that intensive insulin therapy conferred a survival benefit only for patients having an intensive care unit length of stay ≥ three days. In contrast, mortality was greater in patients receiving intensive insulin therapy and having an intensive care unit length of stay < three days. These data indirectly support our observations regarding time-dependent expression of signaling pathways related to insulin biology/metabolism.
Using a pathway-based analytical tool (IPA), the day one and day three datasets were found to contain multiple genes corresponding to distinct networks. The biological importance of these networks is broadly supported at two levels. First, all of the networks selected for presentation had exceptionally high significance scores based on the IPA algorithm. Second, many of the functional annotations corresponding to the networks are biologically consistent with the signaling pathways shown in Figures 3 and 4 . Innate immunity and inflammation are the predominant themes of the upregulated gene networks, and these observations are again consistent with some of the current paradigms in the septic shock literature (3, 24, 25) . The network expression patterns were time-dependent, as demonstrated by unique gene networks being expressed on day one and day three, respectively. Thus, the temporal nature of network expression and the implied functionality may also have implications for the timing and duration of future therapeutic strategies.
The most novel feature derived from the network-based analysis is the downregulation of gene networks related to T cell immunity and the MHC antigen presentation pathway. Importantly, this observation does not appear to be an ar- D 1 3 ( 9 -1 0 ) tifact of relative lymphopenia when analyzed in the context of total lymphocyte counts. The strength of this observation is indicated by the multiple gene networks having these particular annotations (T cell function and the MHC antigen presentation pathway), and the ability to consistently derive these functional annotations using two distinct gene annotation/ontology databases (i.e. D.A.V.I.D., and PANTHER) that are independent from the IPA database. In addition, the analyses focused on discovery of signaling pathways also yielded "T cell receptor signaling" and "antigen presentation" as being predominant themes among the group of genes downregulated on day one and day three. Collectively, these data indirectly suggest that pediatric septic shock may have a strong component of immune dysfunction secondary to decreased T cell function and antigen presentation. Our conceptual framework of septic shock pathobiology has evolved over the last decade to include the concepts of immune suppression and "immunoparalysis." Whereas septic shock has been viewed traditionally as being a reflection of hyperinflammation, it is now thought that septic shock also has a strong, perhaps predominant, anti-inflammatory component that can be manifest as functional immune suppression and the relative inability to effectively clear infection (24, 28, 29) . Our current observation that genes corresponding to interleukin-10 signaling, a major anti-inflammatory pathway (30) , are temporally upregulated in this patient cohort, well supports this anti-inflammatory concept.
R E S E A R C H A R T I C L E M O L M E
Monocyte deactivation related to decreased MHC gene mRNA expression and decreased surface expression of MHC molecules has been demonstrated in patients with septic shock (31) (32) (33) (34) . Regarding lymphocyte dysfunction, Heidecke and colleagues demonstrated that adult patients with intraabdominal infections and septic shock had defective T cell proliferation and T cell-dependent cytokine secretion, consistent with anergy/immune suppression (35) . Felmet and colleagues identified prolonged lymphopenia and apoptosis-associated depletion of lymphoid organs as independent risk factors for the development of nosocomial infections and multiple organ failure in critically ill children (36) . Animal studies have documented the requirement of an intact T cell system to adequately combat a septic challenge (29, 37) . More recently, animal-based experiments have demonstrated that experimental septic shock is characterized by widespread T cell apoptosis and that preventing T cell apoptosis positively impacts the outcome of experimental sepsis (38) (39) (40) (41) (42) (43) (44) (45) . Importantly, the concept of T cell apoptosis in human sepsis has been indirectly corroborated by autopsy studies (36, 46) . Thus, while formal studies of T cell function in pediatric septic shock remain to be conducted, our current data support the concept of immune suppression secondary to T cell dysfunction at the transcriptome level and represent a first step toward demonstrating proof of principle on a clinical genomics scale.
Our previous report indicated that day one of pediatric septic shock is characterized by a large scale downregulation of genes that play a direct role in zinc homeostasis or are functionally dependent on zinc homeostasis (6) . We have corroborated this observation and now demonstrate its persistence well into day three of pediatric septic shock. In fact, the current data suggest that the perturbation of genes related to zinc homeostasis is even more profound on day three than on day one. The functional significance of these observations remains to be directly tested and elucidated. However, given the importance of zinc homeostasis for T cell function (47) (48) (49) (50) (51) (52) (53) , coupled with our observations suggesting large scale downregulation of T cell-related genes, the overall data provide the basis for biologically plausible and testable hypotheses surrounding zinc homeostasis and lymphocyte dysfunction in pediatric septic shock.
Many of the limitations inherent to the data in our previous report are applicable to the current data and have been discussed previously (6) , including the possibility that our observations are confounded by differences in the white blood cell populations. Similar to the previous report, we have not found any correlation between our current observations and differential white blood cell counts (at the level of neutrophils, monocytes, and total lymphocytes). We are cognizant, however, that differences in T cell subset numbers (i.e. CD4 cells, CD8 cells, etc.) could account for some of our observations regarding T cell receptor signaling and antigen presentation. Thus, we again maintain that our observations are reasonably representative of genuine genomic responses, rather than sampling artifact related to whole bloodderived RNA.
Two interrelated limitations, more specific to the current data, warrant further discussion. First, the data are descriptive and limited to two time points. The data are, however, unprecedented in scope by addressing the problem of clinical pediatric septic shock using a translational approach at the level of the entire genome. Second, the data require functional validation in the form of directly testing the hypotheses derived from the current observations. We are currently in the process of designing a validation, follow-up study in which we will formally measure lymphocyte function in a large cohort of children with septic shock.
These limitations aside, the current data represent an unprecedented first approximation of longitudinal, genomelevel responses of pediatric septic shock. The data demonstrate: 1) the complex nature of this genomic response; 2) a predominance of constant, coordinated gene regulation over the first three days of illness; 3) a relatively small but biologically relevant temporal component of coordinated gene regulation; 4) large scale downregulation of genes corresponding to T cell function and MHC-mediated antigen presentation; and 5) persistent downregulation of a large subset of genes related to zinc homeostasis. Collectively, the data support novel hypotheses that can be tested readily at both the experimental and translational levels.
